Some fruits and their anthocyanin-rich extracts have been reported to exhibit chemopreventive activity in the oral cavity. Insights regarding oral metabolism of anthocyanins remain limited. Anthocyanin-rich extracts from blueberry, chokeberry, black raspberry, red grape, and strawberry were incubated ex vivo with human saliva from 14 healthy subjects. All anthocyanins were partially degraded in saliva. Degradation of chokeberry anthocyanins in saliva was temperature dependent and decreased by heating saliva to 80°C and after removal of cells. Glycosides of delphinidin and petunidin were more susceptible to degradation than those of cyanidin, pelargonidin, peonidin and malvidin in both intact and artificial saliva. Stability of di-and tri-saccharide conjugates of anthocyanidins slightly, but significantly, exceeded that of monosaccharide compounds. Ex vivo degradation of anthocyanins in saliva was significantly decreased after oral rinsing with antibacterial chlorhexidine. These results suggest that anthocyanin degradation in the mouth is structure-dependent and largely mediated by oral microbiota.
Introduction
Anthocyanins (ACN) are a major class of flavonoids that contribute bright orange, red and blue colours to many vegetables and fruits. These compounds are of interest for use as natural colourants for foods and beverages instead of synthetic food colouring agents such as the dye FD&C Red No. 40 (Giusti & Wrolstad, 2003) . Typical US diets contain a range of 12.5-215 mg ACN/day (Kuhnau, 1976; Wu et al., 2006) , which is greater than that of many other flavonoids in foods and beverages (Cooke, Steward, Gescher, & Marczylo, 2005; Hertog, Hallman, Katan, & Kromhout, 1993) .
In vitro and in vivo studies during the past decade have shown that ACN possess antioxidant, anti-inflammatory and chemopreventive activities (Wang & Stoner, 2008; Zafra-Stone et al., 2007) . Chemopreventive activity has been reported in the gastrointestinal tract (Casto et al., 2002; Rodrigo et al., 2006) . For example, ACNrich extract from black raspberry suppressed proliferation of human oral squamous cell carcinoma cells (Rodrigo et al., 2006) and reduced the number of chemically-induced tumours in the hamster cheek pouch (Casto et al., 2002) and the oesophagus and colon in laboratory rodents (Wang & Stoner, 2008) . Also, topical application of ACN-rich berry gel reduced heterozygosity indices and COX-2 (Mallery et al., 2008) in premalignant oral lesions in human subjects. Such observations have provided impetus to the development of delivery vehicles for ACN, such as muco-adhesive gel (Mallery et al., 2007) , to increase exposure of oral tissues to ACN.
Numerous studies with animals and humans have demonstrated that ingested ACN are poorly absorbed (<1%) (McGhie & Walton, 2007; Stoner et al., 2005) and largely disappear from the GI tract within several hours after consuming a meal . Bioconversion of ACN to phenolic acids and aldehydes by intestinal microbiota has been demonstrated (Keppler & Humpf, 2005) . Moreover, cyanidin-3-glucoside was degraded to protocatechuic acid (PCA) and phloroglucinol aldehyde (PGA) in cultures of Caco-2 human intestinal epithelial cells . Collectively, these data suggest that metabolites of ACN may be responsible for observed health-promoting activities of ACN in vivo (Forester & Waterhouse, 2010; Vitaglione et al., 2007) .
At present, the extent of ACN uptake and metabolism in the oral cavity is unknown. An understanding of the influence of ACN structure on susceptibility to and patterns of metabolism in oral cavity is expected to facilitate the strategic development of formulations of ACN-rich products for the promotion of oral health. Walle, Browning, Steed, Reed, and Walle (2005) reported flavonoids such as quercetin 4 0 -glucoside and genistein 7-glucoside, but not quercetin-3-rhamnoside and naringenin 7-rhamnoglucoside, were hydrolysed to their respective aglycones in human saliva ex vivo. They also found that the extent of hydrolysis of genistin in saliva collected from 17 human subjects varied more than 20 fold and hydrolytic activity was inhibited by antibacterial agents, suggesting a key role for oral microbiota in flavonoid metabolism in the oral cavity. We hypothesised that ACN will be metabolised in saliva, as a result of microbial activity, to unstable ACN aglycones that subsequently degrade to phenolic acids. We present results from studies characterising the degradation of ACN with two aims. The first aim was to characterise the ex vivo degradation of ACN extracted from chokeberry in saliva collected at various times from a single participant. The second aim was to investigate the effect of ACN structure on ex vivo susceptibility to degradation in saliva, using anthocyanin-rich extracts from blueberry, chokeberry, black raspberry, red grape and strawberry, as well as the role of oral bacteria in such degradation.
Materials and methods

Standards and reagents
Unless otherwise indicated, all supplies and chemicals were purchased from Sigma-Aldrich and Fisher Scientific. Standard cyanidin chloride was purchased from Indofine Chemical Co., Inc. (Hillsborough, NJ). Blueberry (BluB) (Vaccinium corymbosum), red grape (RdGrp) (Vitis vinifera), and strawberry (StwB) (Fragaria Â ananassa) were purchased from a local supermarket. Black raspberries (BlkRB) (Rubus occidentalis) were donated by Maurer's farm (Wooster, OH). Concentrated juice and powder made from chokeberry (CkB) (Aronia meloncarpa E.) were donated from Artemis International (Fort Wayne, IN). All fruits except CkB concentrate were frozen (À18°C) upon arrival until use.
Subject recruitment
Approval for the human study protocol was received from the Institutional Review Board for Human Research of the Ohio State University (IRB#20090058). Subjects (n = 14; 21-55 years of age) who were periodontally healthy (as evidenced by all sites with attachment levels 62 mm and probing depths 63 mm) and caries-free as evidenced by a low DMF (decayed, missing, filled teeth) Index were recruited. Subjects, who had had antibiotic therapy or professional cleaning within the previous 3 months, use immunosuppressant medications, bisphosphonates or steroids, or report pregnancy, a history of diabetes or HIV, were excluded from this study (Kumar, Brooker, Dowd, & Camerlengo, 2011) , since these conditions have been previously shown to affect salivary secretion and oral bacterial profiles (Dawes, 1987; Socransky & Haffajee, 2005 (Giusti & Wrolstad, 2005) as cyanidin-3-glucoside (Cy-3-glu) equivalents using the extinction coefficient of 26,900 L cm À1 mg
À1
. Profile of ACN species in CkB ACN-rich extract was determined by high-pressure liquid chromatographyphotodiode array detection-electrospray ionisation-mass spectrometry (HPLC-PDA-ESI-MS) as described in Section 2.4.3. Purity of ACN in each extract was estimated by dividing collective HPLC-PDA area under curves (AUC) of identified ACN (510-530 nm) by total AUC monitored from 250-600 nm. Stock ACN-rich extracts were stored at À20°C until use.
Ex vivo assessment of ACN degradation in saliva
The method was adapted from Walle et al. (2005) . Unstimulated whole human saliva was collected from a subject (49 years) in the morning (7-8 AM) after brushing teeth and eating breakfast. Saliva was stored on ice until use within 2 h. Saliva was diluted with an equal volume of de-ionised water and shaken to reduce viscosity. Aliquots of diluted saliva (0.6 mL) were incubated with CkB extract containing 15 nmol of Cy-3-glu equivalents. At least three separate reaction tubes were incubated at 37°C in a shaking water bath at 85 rpm for each characteristic being assessed. Reactions were terminated by addition of 0.6 mL acidified methanol to pH of 2.3 after indicated times. Tubes were centrifuged (27,000 g, 10 min, 4°C) and supernatant was filtered (0.2 lm syringe filter) prior to analysis. Degradation was calculated as:
½ðnmol ACN added to saliva À nmol ACN remaining after incubationÞ=nmol ACN added to saliva Â 100%:
To estimate the extent of ACN loss due to association with ACN precipitated proteins, ACN in the pellet were re-extracted with acetonitrile. Acetonitrile has been used as solvent to separate polyphenols, such as catechin and theaflavins, from proteins in plasma and saliva (Laurent, Besancon, & Caporiccio, 2007; Lee, Prabhu, Meng, Li, & Yang, 2000) . Acetonitrile (200 lL) and acidified water (4.5% formic acid, 200 lL) were added to pellets, mixtures were vortexed for 30 s and sonicated for 1 min. Acidified water (500 lL) was added to the mixture, vortexed and centrifuged (27,000g, 10 min, 4°C). Supernatant was filtered (0.45 lm) for analysis.
Evaluation of chemical, enzymatic and cell-mediated degradation of ACN
Extent of ACN degradation during incubation (60 min) in intact saliva was tested for the following treatments: intact saliva at 37°C; 4°C; artificial saliva at 37°C; saliva pre-heated to 80°C for 15 min to destroy enzyme activity and cooled to 37°C; and cellfree saliva at 37°C prepared by centrifugation (800g, 5 min, 4°C) of diluted saliva followed by filtration of the supernatant through sterile Millex Ò 0.22 lm (Millipore Express Ò PES membrane) to remove microorganisms and shed epithelial cells. Artificial saliva was prepared according to Oomen et al. (2003) excluding enzymes to evaluate chemical (non-enzymatic) degradation of ACN in saliva.
b-Glycosidase activity in saliva
b-D-glycosidases activity in saliva was examined by incubating (at 37°C) 25 nmol/mL of either p-nitrophenyl galactopyranoside (pNP-gal) or glucopyranoside (pNP-glu) with intact saliva or centrifuged (800g, 5 min, 4°C) and filtered (0.2 lm) to remove bacterial cells. Activity was quenched after incubation for 30, 45, and 60 min by placing in ice and centrifugation to remove cells. pNP in supernatant was quantified by monitoring absorbance at 405 nm compared to a five point standard curve prepared with pure pNP.
Stability of predicted phenolic metabolites of cyanidin-3-glycosides in saliva
The stabilities of protocatechuic acid (PCA) and phloroglucinol aldehyde (PGA), two predicted products of cyanidin ring fission Keppler & Humpf, 2005) , were examined in diluted saliva. PCA and PGA (25 nmol/mL) were added to diluted saliva with and without CkB ACN-rich extract. Tubes were incubated at 37°C for 60 min before analysis. To investigate the production of PCA and PGA from anthocyanidin aglycone, cyanidin chloride (CyCl) was incubated (37°C, 60 min) in saliva (25 nmol/mL diluted saliva) before HPLC analysis.
HPLC-PDA analysis
Compounds were analysed by HPLC (Bonerz, Nikfardjam, & Creasy, 2008) . The HPLC system consisted of a Waters 2695 separation module (Waters Corp., Milford, MA) and a Waters 2996 photodiode array detector (PDA). Separation was achieved using a Symmetry C-18 reverse-phase column (4.6 Â 75 mm; particle size 
. Preparation of ACN-rich extracts
Five fruits (BlkRB, BluB, CkB, RdGrp, and StwB) were selected for investigation based on their distinct ACN profiles, to facilitate comparison of the susceptibility of all 6 anthocyanidins and their derivatives conjugated to either mono-, di-or tri-saccharides (Table 1) . Frozen fruits were thawed at 4°C overnight and homogenised in a commercial blender at <10°C. ACN were extracted from homogenised fruits and CkB juice with an equal volume of acetone and filtered (Whatman #1). After removal of the organic phase, the residual material was extracted two additional times with an equal volume of acetone:water mixture (70:30 v/v).. Hydrophobic compounds in the extract were extracted into chloroform (2:1 v/v) (Rodriguez-Saona & Wrolstad, 2005) . Anthocyanins in the crude extracts were further enriched using cation exchange columns: Oasis Ò MCX SPE cartridge (Waters Corp.) for CkB, and STRATA™ X-C cartridge (Phenomenex), for BlkRB, BluB, RdGrp, and StwB, according to He and Giusti (2011) . The columns were conditioned with 10 mL methanol and 10 mL 0.1% (v/v) trifluoroacetic acid (TFA) prior to addition of extracts. Neutral or anionic phenolics were eluted with 10 mL water (0.1% TFA) and 10 mL methanol (0.1% TFA). ACN were then eluted with 5 mL water: methanol (40:60 v/ v) containing 1% NH 4 OH followed by methanol with 1% NH 4 OH into a flask containing 500 lL formic acid (88%) to achieve a final pH < 2.
Remaining salts were removed by C18 solid-phase extraction as described in Section 2.3.1. Monomeric ACN content was estimated by the differential pH method (Giusti & Wrolstad, 2005) as Cy-3-glu equivalents (extinction coefficient of 26,900 L cm À1 mg À1 ) for BlkRB, BluB, CkB, and RdGrp, and Pg-3-glu equivalents (extinction coefficient of 15,600 L cm À1 mg
À1
) for StwB. Profile of ACN species in final extract was determined by HPLC-PDA-ESI-MS as described in Section 2.4.4. Stock ACN rich extracts were stored at À20°C until use.
Ex vivo assessment of ACN degradation in saliva
Since salivary composition and flow rate are affected by circadian rhythm (Dawes, 1974) , brushing teeth (Hoek, Brand, Veerman, & Amerongen, 2002) , and consumption of food and beverage (Harthoorn, Brattinga, Van Kekem, Neyraud, & Dransfield, 2009) , unstimulated saliva was collected from human subjects (n = 14) at 7-8 a.m. before brushing their teeth and consuming foods or beverages. Samples were placed in ice and delivered to the laboratory in <2 h for treatment and analyses. Ex vivo degradation was evaluated as described in Section 2.3.2. In a subsequent experiment, saliva was collected before and after subjects rinsed the mouth with 30 mL of antibacterial chlorhexidine (Periogard Ò chlorhexidine gluconate oral rinse, 0.12%) for 5 min to determine the contribution of oral bacteria to the observed degradation of ACN in saliva. Aliquots of diluted saliva were incubated with individual ACN-rich extract (50 nmol of either Cy-3-glu equivalents for BlkRB, BluB, CkB, and RdGrp or Pg-3-glu equivalents for StwB) per mL saliva as outlined in Section 2.3.2.
Chemical degradation of ACN
Three different formulations of enzyme-free artificial saliva (AS) were prepared. These included (1) AS1, as described by Oomen et al. (2003) but excluding enzymes; (2) AS1-org, i.e., AS1 lacking mucin, urea, and uric acid; and (3) AS2 according to Wong and Sissons (2001) with a mucin concentration at 0.3 g/L (Rayment, Liu, Offner, Oppenheim, & Troxler, 2000) . The compositions of the three formulations of artificial saliva are shown in Table S1 ). Each ACNrich extract was incubated (37°C, 60 min, 25 nmol/mL saliva) in each of the three preparations of artificial saliva to determine extent of degradation.
HPLC-PDA-ESI-MS analysis of ACN
Separation, identification and quantification of compounds were performed using a Shimadzu LCMS-2010 EV HPLC-MS (Shimadzu Scientific Instruments, Inc., Columbia, MD) connected to an SPD-M20A photodiode array (PDA) detector and single quadrupole electrospray ionisation (ESI) mass spectrometer (MS). Separation was achieved on a Symmetry C-18 reverse-phase column (4.6 Â 75 mm; 3.5 lm; Waters Corp.) with a NovaPak Ò (C-18; 4 Â 2.0 mm) guard column. The mobile phase consisted of (A) 4.5% formic acid and (B) acetonitrile and the following gradients were used for the indicated ACN-rich extracts: BlkRB: 0-3 min, 7-8% B; 3-10 min, 8-10% B; BluB: 0-5 min, 7% B; 5-7 min, 7-8% B; 7-18 min, 8-10% B; 18-23 min; 10-15% B; CkB: 0-3 min, 7-10% B; 3-10 min, 10-20% B; RdGrp: 0-3 min, 7% B; 3-4 min, 7-12% B; 4-6 min, 12% B; 6-13 min, 12-35% B; and, StwB: 0-3 min, 7-10% B; 3-10 min, 10-15% B. Flow rate was 0.5 mL/min for all separations and the column was equilibrated for 5 min between runs. Spectroscopic data (200-700 nm) were collected during the whole run.
Flow was partially split to MS to monitor mass of parent and daughter (aglycone) fragments. MS conditions were as follows: nebulising nitrogen gas flow, 1.5 L/min; interface, +4.50 kV; heat block temperature, 200°C; focus lens, À2.5 V; entrance lens, À50.0 V; pre-rod bias, À3.6 V; main-rod bias, À3.5 V; detector, +1.50 kV. MS spectra were obtained using positive ionisation with full scan (from m/z 100-1200 with scan speed 2000 amu/s) and selective ion monitoring (SIM) modes (6 aglycones pg, cy, pn, dp, pt, and mv at m/z 271, 287, 301, 303, 317, and 331, respectively).
Data analysis
A minimum of three independent incubations of each ACN-rich extract in saliva was performed for each subject. Data were analysed for statistically significant differences using SPSS Release 17.0 for Windows (SPSS Inc., Chicago, IL). Mixed model analysis of ACN structure (fixed factor) and subject (random factor) with Bonferroni adjustment of mean comparison was used for data with BluB, CkB, and RdGrp. Paired-t test was used for data of BlkRB and StwB. Differences were considered significant at p < 0.05.
Results and discussion
Characterisation of ACN-rich extracts
ACN in the five fruit extracts were identified by comparison of elution order, peak spectra, and molecular weight of parent and daughter ions obtained with published literature [BlkRB (Tian, Giusti, Stoner, & Schwartz, 2005) , BluB (Seeram et al., 2006; Tian et al., 2005) , CkB (Wu, Gu, Prior, & McKay, 2004; Zheng & Wang, 2003) , RdGrp (Cai et al., 2010; Castillo-Muñoz, Fernández-González, Gómez-Alonso, García-Romero, & Hermosín-Gutiérrez, 2009; Frank, Netzel, Strass, Bitsch, & Bitsch, 2003) , and StwB (Buendia et al., 2010; Carkeet, Clevidence, & Novotny, 2008; Felgines et al., 2007) ] (Table 1 and Fig. S1 , Supplementary data). HPLC-PDA-ESI-MS analysis of the 5 ACN-rich extracts confirmed the collective presence of 6 anthocyanidin classes and mono-, di-, and tri-saccharide conjugates. Estimated purity of CkB ACN-rich extract used for Aim 1 was 81.1 ± 0.4% based on HPLC AUC. Estimated purity of ACN-rich extracts used in Aim 2 for BlkRB, BluB, CkB, RdGrp, and StwB was 95.4 ± 1.9, 98.9 ± 1.4, 98.2 ± 0.8, 71.2 ± 6.5, and 85.5 ± 0.7%, respectively, based on AUC.
3.2. Aim 1: Characterisation of ex vivo degradation of ACN using chokeberry (CkB) extract
Ex vivo assessment of ACN degradation in saliva
We first examined the extent of degradation of ACN in CkB extract in saliva from a single subject. The extent of degradation of the four cyanidin glycosides increased in a time-dependent manner during the 60 min incubation at 37°C (Fig. 1A) . Approximately 50% of each of the four cyanidin glycosides was degraded after 60 min incubation, suggesting limited impact of type of monosaccharide on extent of ex vivo degradation (Fig. 1B) . Variability of extent of CkB ACN degradation in saliva collected on three different days was limited (45.9-52.1% degradation) during 60 min incubation (45.9-52.1% degradation). In all subsequent experiments ACN were incubated in saliva for 60 min to allow more precise assessment of the extent of degradation. Indeed, confectionaries and oral adhesive gels containing bioactive compounds are being developed to prolong oral retention of bioactive compounds (Amoian, Moghadamnia, Barzi, Sheykholeslami, & Rangiani, 2010; Mallery et al., 2007) .
Proline-rich proteins, a major class of proteins in saliva, can bind ACN (Laurent et al., 2007 ; Proctor, Pramanik, Carpenter, & Table 1 Structure and identification of ACN in ACN-rich extracts. Numbers correspond to HPLC peak assignments shown in chromatograms presented in Figure S1 , Supplementary data. Rees , 2005) . This suggested that the loss of ACN following addition to saliva may reflect association of ACN with proline-rich proteins precipitated by addition of acidified methanol at 60 min to terminate reactions. Acetonitrile was used previously to separate polyphenols from more hydrophilic compounds such as sugars and proteins in plasma and saliva (Laurent et al., 2007; Lee et al., 2000) . The precipitate resulting from addition of acidic methanol to salivary samples containing ACN lacked evident colour. Mixing the precipitate with acetonitrile yielded an additional 1-3% of initial amount of ACN added to saliva, suggesting that the loss of ACN during incubation was not primarily due to association with precipitated salivary proteins. ACN have been reported to spontaneously degrade at neutral and alkaline pH in aqueous solutions (Brouillard, 1982) and cell culture media , and are enzymatically degraded during in vitro digestion (McDougall, Dobson, Smith, Blake, & Stewart, 2005) and incubation with colonic microflora (Keppler & Humpf, 2005) and Caco-2 human intestinal epithelial cells ). To examine the relative extent of spontaneous versus enzymatic degradation of CkB ACN, aliquots of saliva were either incubated with CkB ACN at 0°C and 37°C, heated to 80°C to inactivate enzymes before incubating with CkB ACN at 37°C, or centrifuged and filtered to remove cells before incubation with CkB ACN extract at 37°C. ACN degradation in saliva during incubation at 0°C was approximately 90% less than that during incubation at 37°C (Fig. 1C) . Similarly, loss of cyanidin glycosides during incubation at 37°C in heat-inactivated saliva, or in cell-free saliva or in enzyme-free artificial saliva was significantly less than that in intact saliva. Collectively, these data suggest that loss of CkB ACN in saliva was primarily enzymatic and dependent on cellular activity rather than secretions from the salivary glands or binding of CkB ACN to salivary proteins.
Degradation products of chokeberry cyanidin glycosides in saliva
Protocatechuic acid (PCA) and phloroglucinol aldehyde (PGA) have been identified as microbial metabolites accounting for as much as 20% of the observed loss of cyanidin glycosides during incubation with human and pig faeces (Aura et al., 2005; Keppler & Humpf, 2005) . It has been proposed that microbial b-D-glycosidase activity generated the anthocyanidin aglycone that was spontaneously cleaved to phenolics PCA and PGA ). We investigated whether the loss of CkB cyanidin glycosides in saliva was associated with generation of cyanidin aglycone and its phenolic products. Neither cyanidin aglycone, PCA or PGA were detected after incubation of CkB ACN in intact saliva at 37°C (detection limit = 3.6, 2.0 and 1.8 ng/mL, respectively), despite the presence of b-D-galactosidase and b-D-glucosidase activities in intact saliva (data not shown). Cyanidin aglycone (25 nmol/L CyCl) was extensively degraded (>90%) upon addition to intact saliva with further loss during the next 60 min (Fig. 2A) . PCA was detected in response to the loss of CyCl, although it only accounted for 15.3% and 9.6% of the degraded CyCl at 0 and 60 min, respectively (Fig. 2B) . Greater than 86% of CyCl was recovered immediately after addition to acidified water, although greater than 88% was lost after incubation for 60 min ( Fig. 2A) . PCA in acidified water accounted for much of the degraded CyCl at 0 min, but only 14.5% of that degraded after 60 min (Fig. 2B) . Mallery et al. (2011) reported that a very low level of cyanidin aglycone was detected 5 min after a 3-min oral rinse with 10% black raspberry water and was undetectable at 60 min post rinse. Our detection of some cyanidin aglycone and PCA during ex vivo incubation of cyanidin aglycone, but not cyanidin glycosides, suggests that aglycone formation was not a primary intermediate in the degradation of cyanidin glycosides in saliva. To test the possibility that generated PCA and PGA might be further metabolised in saliva, PCA and PGA were added to intact saliva followed by incubation at 37°C for 60 min. Recoveries of PCA and PGA were 90% and 43%, respectively (Fig. 2C) , which is similar to the observed stability of PCA during in vitro incubation with human faecal microflora (Fleschhut, Kratzer, Rechkemmer, & Kulling, 2006) suggesting that PCA should be readily detected if generated in saliva. Mallery et al. (2011) reported the presence of PCA and its glucuronidated metabolites in saliva from some subjects for as long as several hours after rinsing their mouths with black raspberry preparation suspended in water for 3 min. These authors suggested that PCA and its glucuronidated metabolites may be generated after uptake and metabolism of BlkRB ACN by the oral epithelium.
Preliminary analysis of metabolic products using high resolution quadrupole time-of-flight mass spectrometry suggested that chalcone glucosides of Cy may account for as much as 30% of the original amount of standard Cy-3-glu incubated in saliva ex vivo. This observation is in line with an alternative degradation pathway proposed by Markakis (1974) that the heterocyclic C-ring of carbinol glycosides can be opened to yield colourless chalcone prior to hydrolysis of the glycosidic bond. It is interesting that several Degradation (%) of cyanidin glycosides in chokeberry after incubation (60 min, 37°C, 85 rpm) with intact saliva from a human subject. Data are mean ± SD, n = 8. There was no significant difference in extent of degradation of the four cyanidin glycosides (p P 0.05). Panel C: Degradation (%) of cyanidin glycosides in chokeberry incubated with saliva from a human subject after indicated treatments. Data are mean ± SD, n = 6. Means not sharing common superscript letters differ significantly (p < 0.05).
chalcone flavonoids structurally resembling Cy chalcone glycosides have reported bioactivity. For example, butein (3,4,2 0 ,4 0 -tetrahydroxychalcone) was recently shown to suppress the activity of transcription factor NF-jB in several cancer cell lines (Chua et al., 2010; Moon, Choi, Moon, Kim, & Kim, 2010) and prevent cytokine-induced nitric oxide production in rat pancreatic b cells (Jeong et al., 2011) . As a result, it is possible that unidentified metabolites generated in the oral cavity are bioactive, warranting further examination of the degradation products of CkB.
3.3. Aim 2: Effect of ACN structure and oral microbiota on extent of ex vivo salivary degradation 3.3.1. Effect of structure of ACN and inter-subject variation ACN-rich extracts from BluB, CkB, BlkRB, RdGrp, and StwB were incubated in saliva collected from 14 healthy human subjects. The extracts from these fruits include 6 anthocyanidin aglycones covalently linked to mono-, di-, and tri-saccharides. All 21 identified ACN in the extracts were partially or completely degraded during incubation in saliva from all subjects (Fig. S1, Supplementary data) .
The extent of degradation of total ACN incubated in saliva from the different subjects varied considerably, i.e., 45-75% for BluB, 10-90% for CkB, 10-80% for BlkRB, 8-60% for RdGrp, and 13-60% for StwB. The pattern of degradation of CkB ACN in saliva for individual subjects is presented in Fig. 3A . At least 50% CkB ACN were degraded in saliva from the majority of the subjects. Although mean degradation of the four different cyanidin glycosides was similar in saliva from 13 subjects (p = 0.560; Fig. 3B ), the extent of degradation of the galactoside and glucoside conjugates exceeded that of arabinoside and xyloside conjugates in saliva from subjects 3, 7 and 11. These observations suggest inter-subject variability in both extent and pattern of cyanidin glycoside degradation in saliva.
RdGrp was selected to compare the influence of the structures of anthocyanidins on the extent of ACN degradation in saliva. The five anthocyanidins (i.e., Dp, Cy, Pt, Pn, and Mv) in RdGrp are all conjugated with glucose at the 3 0 position (Fig. S1, Supplementary data) . Degradation of Dp and Pt glucosides exceeded that of Cy, Pn and Mv (p < 0.001; Fig. 3C ). This pattern of degradation was consistent in all 14 subjects. The extent of degradation among subjects for each ACN in RdGrp ranged from 60-100% (Dp), 7-60% (Cy), 65-100% (Pt), 5-60% (Pn), and 5-55% (Mv) (data not shown).
ACN-rich extract from StwB was investigated to assess the effect of linkage of a monosaccharide (Pg-3-glu) versus a disaccharide (Pg-3-rut) to the anthocyanidin on susceptibility to degradation in saliva. Degradation of Pg-3-rut was significantly (p < 0.001) less than that of Pg-3-glu (Fig. 3D) . Slightly, but significantly (p < 0.001), less degradation of Pg-3-glu compared to Cy-3-glu also was observed, further suggesting differential susceptibility associated with anthocyanidin structure (Fig. 3D ).
To further examine the possible influence of more complex carbohydrates moieties on susceptibility to degradation in saliva, ACN-rich extract from BlkRB was tested. Although the presence of Cy-3-samb and Cy-3-glu was confirmed by mass spectrometry (Table 1) , these compounds were not adequately separated by HPLC (Fig. S1 , Supplementary data) and therefore excluded from this comparison. Mean degradation of the trisaccharide (xylosylrotinoside) conjugate of cyanidin for all subjects was significantly (p < 0.001) lower than degradation of the disaccharide rutinose Cy conjugate (Fig. 3E) . Similarly, quercetin di-and tri-saccharides and cyanidin di-and tri-saccharides have been reported to be less susceptible to degradation than their respective monosaccharide conjugates (Keppler & Humpf, 2005; Walle et al., 2005) .
BluB extract was tested to compare the influence of structure for five anthocyanidins linked to three different monosaccharides on the extent of degradation in saliva (Fig. 3F) . A mixed model statistical analysis revealed that degradation was significantly affected by type of anthocyanidin (p < 0.001), but not by type of monosaccharide (p = 0.063) or the interaction between ACN and monosaccharide (p = 0.495). As observed with RdGp (Fig. 3C) , degradation of Dp and Pt-3-glucosides was significantly (p < 0.001) greater than that of the 3-glucose conjugates of Cy, Pn and Mv in saliva from all subjects (data not shown). Also, as observed with cyanidin glycosides in CkB extract (Fig. 3A) , the extent of degradation of the anthocyanidin in BluB extract was not significantly altered by type of monosaccharide for all but three subjects (numbers 3, 7 and 11). Degradation of the hexose conjugates exceeded that of the pentose conjugates in saliva from these three subjects.
The extent of degradation of a specific ACN in saliva appeared to differ across the different extracts. For example, mean degradation of Cy-3-glu in CkB was 63% as compared to 54% degradation in BluB and only 42% degradation, in RdGrp and StwB (Fig. 3) . We suspect that the presence of multiple ACN and possibly contaminating phenolics may affect the stability of ACN via co-pigmentation (Eiro & Heinonen, 2002; Malien-Aubert, Dangles, & Amiot, 2001) , i.e., chemical interactions within different extracts.
Glucuronidated derivatives of PCA have been detected in saliva collected 5 min after an oral rinse with 10% BlkRB slurry, suggesting that phenolic metabolites of anthocyanins were conjugated within and effluxed from the oral epithelium (Mallery et al., 2011) . We did not detect either PCA or PGA after incubation of ACN extracts in saliva from any subject. Similarly, treatment of post-incubation mixtures in which ACN degradation was high (saliva from subjects 1 and 5 for BluB, subjects 1, 5 and 9 for CkB, subjects 1 and 9 for BlkRB, subjects 1 and 5 for RdGrp, and subjects 5 and 9 for StwB) with H. pomatia enzyme preparation containing glucuronidase and sulfatase activities for 3 h at 37°C also failed to generate detectable PCA and PGA. As the limit of detection of our analytical system was an order of magnitude less than that of the Mallery team (Mallery et al., 2011) , it is possible that low concentrations of these metabolites may have been present. Interestingly, a peak corresponding to 4-hydroxybenzoic acid (retention time and absorbance spectrum) was observed following enzyme treatment of saliva incubated with CkB, BlkRB, BluB and StwB extracts.
Non-enzymatic degradation of Dp and Pt glycosides
To address the basis for the greater susceptibility of Dp and Pt glycosides to degradation in saliva compared to that of the other anthocyanins, ACN-rich extract from RdGrp was first incubated in water and enzyme-free artificial saliva (Fig. 4A ). RdGrp ACN degraded to a significantly (p < 0.001) greater extent in artificial saliva (pH 6.4) than in DI water (pH 7.3). This observation is similar to a recent report that Dp-3-glu, Pg-3-glu, and Cy-3-glu were less stable in Na/K phosphate buffer than in water (Woodward, Kroon, Cassidy, & Kay, 2009) . Moreover, degradation of Dp and Pt-3-glucosides in enzyme-free artificial saliva was significantly (p < 0.001) greater than that of Cy, Pn and Mv-3-glucosides and further confirms that the losses during incubation were not due to protein binding. This increased susceptibility of Dp and Pt glycosides to non-enzymatic degradation in artificial saliva was also observed with ACN-rich extract from BluB (data not shown) and was aligned with their preferential degradation in intact saliva ( Fig. 3C and F RdGrp ACN, suggesting that mucin, urea, and uric acid do not contribute to the relative instability of Dp and Pt glycosides (Fig. 4B) . In contrast, differences in the inorganic contents of artificial saliva preparations AS1 (Na 2 SO 4 , NaOH, KSCN, and NaH 2 PO 4 ) and AS2 (MgCl 2 , CaCl 2 , NH 4 Cl, KH 2 PO 4 , and K 2 HPO 4 ) significantly (p < 0.001) affected the extent of degradation of Dp and Pt in RdGrp extracts (Fig. 4B) , suggesting that one or more electrolytes (Table S1 , Supplementary data) in saliva may affect the stability of the Dp and Pt glucosides. Cabrita et al. reported that Dp and Pt glucosides are less stable than Cy, Mv, and Pn glucosides in aqueous buffer at pH > 7 (Cabrita, Fossen, & Andersen, 2000) . Dp-3-glu and Dp-3-rut were also reported to degrade more rapidly than Cy-3-glu and Cy-3-rut in Dulbecco's modified Eagle's medium (Steinert, Ditscheid, Netzel, & Jahreis, 2008) . Interestingly, susceptibility to degradation appears to be related to superoxide radical scavenging potential of ACN glycosides, as degradation of Dp > Pt > Cy % Mv > Pn > Pg (Rahman, Ichiyanagi, Komiyama, Hatano, & Konishi, 2006). Dp-3-glu also possesses greater antioxidant activity than Cy-3-glu in the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay (Kahkonen & Heinonen, 2003) . Such results suggest that oxidative degradation of ACN, and especially Dp glycosides, may contribute to the observed losses in saliva. As Dp and Pt, but not Cy, Pn and Mv, are hydroxylated at the C5 0 position of the B-ring, the possible influence of this substitution on stability in saliva merits investigation.
Effect of oral microbiota on salivary degradation of ACN
To investigate the possible role of oral microbiota in the ex vivo degradation of ACN, saliva was collected before and after oral rinse with antibacterial chlorhexidine. Antibacterial treatment significantly (p < 0.001) decreased the degradation of ACN extracted from RdGrp, StwB, and CkB, in saliva by 49%, 60% and 80%, respectively (Fig. 5) . The degree of inhibition was not affected (p > 0.05) by type of conjugated monosaccharide (Fig. 5A) or number of saccharide units of Pg (Fig. 5C ). In contrast, type of aglycone in RdGrp ACN significantly (p < 0.001) affected the impact of treatment with the antibacterial chlorhexidine on the extent of degradation (Fig. 5B) . Degradation of Pt-3-glu in saliva after antibacterial treatment decreased by 10%, which was significantly (p < 0.05) less than that of Dp (30%), Cy (40%), Pn, and Mv (50%). Thus, degradation of glucosides of Dp, Cy, Pn, and Mv was more closely associated with microbial activity than was that of Pt glucosides. Our observation in saliva contrasts with the report of Forester and Waterhouse (2008) , who did not observe preferential degradation of Dp, Pt, Pn, and Mv glucosides during incubation with large intestinal contents from swine. Given the unique profile of microbiota residing in the various sections of GI tract (Kerckhoffs et al., 2006) , further characterisation of oral microbial activity on ACN metabolism by the oral microbial community merits future investigation..
Conclusions
To the best of our knowledge, this is the first examination of the effect of ACN structure on susceptibility to degradation in saliva. ACN from five dietary sources containing a total of 6 anthocyanidins conjugated to mono-, di-and tri-saccharides were partially degraded during incubation in human saliva at 37°C. Degradation was in part due to microbial activity, although non-enzymatic degradation of Dp and Pt exceeded that of Cy, Pn and Mv. Disappearance of Cy glycosides or Cy aglycone was not coupled with generation of detectable amounts of PCA or PGA. Preliminary detection of chalcone glycosides of Cy suggests a degradation pathway of ACN in oral cavity that may differ from that in the large intestine. Moderate inter-subject variation in the extent of degradation was observed, but the general patterns of degradation were rather consistent among individuals. While types of monosaccharide did not affect the extent of degradation, anthocyanidins with di-and trisaccharide conjugates were slightly, but significantly, less susceptible to degradation in saliva. These data collectively suggest that ACN structure affects susceptibility to degradation and perhaps the relative bioaccessibility and efficacy of these compounds in the oral cavity. Studies to assess this possibility have been initiated.
